A simple method was developed to detect damage based on a discrete mathematical model for fan blades using changes in natural frequencies combined with a fluid-structure analysis. In addition, a numerical approach was developed for the fluid-structure analysis. The results of numerical simulation provided the natural frequency data for each mode under different locations and sizes of a single crack in a blade. A fault database was built using Matlab. The damage of a blade was detected using the changes in natural frequencies. This study will assist in investigating the effect of a crack on a structure from different perspectives; the simulation results show the effectiveness of this approach.
Introduction
Crack failures continually occur in fan blades, which cause interruption of operation and increase costs, decrease product quality, and affect the safety of operators [1] [2] [3] . Fault detection for blades of rotating machinery at earlier stage can prevent it from breaking down and reduce maintenance time. Therefore, efficient and reliable fault diagnosis method is essential to predict the existence and state of the damage before the occurrence of crack failure.
Significant efforts have been invested for developing different fault detection and diagnosis techniques for crack identification in rotating machinery. Existing fault diagnosis methods are roughly divided into two categories: methods based on expert system and variation of vibration characteristics.
Artificial intelligence (AI) techniques, such as fuzzy logic, genetic algorithms (GA) and artificial neural network (ANN), are utilized to detect fault as well. Several authors used AI techniques based on vibration characteristics for fault detection and diagnosis of various structures [4] [5] [6] . Oberholster and Heyns [4] used ANN for monitoring the online condition of axial-flow fan blades; the fault features extracted from 24 kinds of different damage levels of the crack blade are used to train the neural network. They showed that the vibration signals obtained from two sensors can effectively diagnose the extent of the crack development. Genetic algorithms appear as a desirable approach to optimize an objective function that depends on crack position and size [7] [8] [9] [10] . Mehrjoo et al. [11] used the GAs to search the solution of an inverse problem where the cracks' location and size are calculated. It is shown that this method is able to identify various crack configurations in a cracked beam. Combination of two or more intelligent techniques [12, 13] allows one to overcome the limitations of individual techniques and achieve better performance by utilizing capabilities of each individual classifier. The authors in [14] proposed a genetic fuzzy system for online damage detection using changes in vibration measurements between damaged and intact conditions. It has been shown that the combination of genetic algorithms with fuzzy inference systems possesses enormous advantages. Another integration of multi-intelligent techniques has also been carried out in recent years [15] .
Intelligent identification method requires a lot of training samples for accuracy, but the crack damage of large axial fan blades is not easy to be fabricated, which brings about the problem of insufficient fault samples. Besides, the selection criteria of the best training algorithm of the fastest rate of convergence for some of the "black box" techniques 2 International Journal of Rotating Machinery have not been addressed appropriately, which resulted in an uncertainty on the training speed optimization related to the type and quantity of the training sample.
Another category of existing methods includes those based on examination of changes in natural frequencies, mode shapes, or mode shape curvatures [16] [17] [18] . Wang et al. [18] used mode shape difference curvature to detect the crack location based on FEM and aerodynamic loads' calculation. Their method has been proved efficiently through the experiment on a wind turbine blade and simulation on a multilayer composite material blade. But the curvature of mode shape of the damaged blade is too tiny (10 −4 ) to be detected. These methods are generally based on the inspection of mode shape changes and need measurements with high accuracies. They require expensive data acquisition and monitoring systems with the properties such as multiple sensors, high sensitivity, large hard disc capacity, and fast processing. Changes in the natural frequencies are used more often than deviation of mode shapes, since frequencies can be measured more easily than mode shapes, and they are less seriously affected by experimental error.
During the last few decades, intense research on the detection of crack using the changes in frequency has been carried out by researchers [19] [20] [21] [22] . They noted that any localized damage would affect each mode differently as the existence of the crack in a structure causes a change in its stiffness. Consequently, there would also be a change in the dynamic response of the structure, and then the change in frequencies related to crack location and size has been used to evaluate the state of crack through an inverse processing. The authors in [22] used soft spring to simulate the boundary conditions of a cantilever beam with a single crack. Yang et al. [23] detected the crack of a beam based on an energy numerical model which had been regarded as a continuous model with varying moment of inertia. Most of the current approaches take the cracked structure as a continuous model which makes it hard to achieve the exact solution with complex boundary conditions.
The aim of this study is to investigate the influence of natural frequency of cracked fan blades based on different theoretical analysis taking the structure as a discrete model for monitoring blade conditions and predicting the existence and severity of the crack in the blade. Besides, fan blades are subjected to centrifugal, air bending, and vibratory loads [24, 25] . This repeated loading and unloading influences the dynamic response of the blades due to the high-speed rotation. Therefore, the cracked blade in this study will be simulated in a rotate state and subjected to the pressure caused by the air flow in order to make the simulation results more reliable.
In the present paper, a novel damage detection method based on a discrete mathematical model for fan blades is proposed. This technique uses the FEM based dynamics analysis to detect the single crack and identify its location and size, which can readily obtain the fault sample database. In this study, a finite element model of 621 mm length fan blade has been built using shell elements with structural steel, aerodynamic loads are calculated to make the simulation results more reliable, and then dynamics analysis is performed. By using the changes in natural frequencies, the damage in blades can be detected efficiently and precisely.
Methodology
This approach makes use of synthetic data and consists of three steps: data generation, establishment of the fault sample database, and fault detection. At the first stage, vibration characteristics of the intact and damaged fan blades are analyzed by combining fan blade model with fluid flow model to generate the data sets of natural frequency. In the second step, Matlab is applied to build the fault sample database. In the final step, the changes in natural frequencies of damaged blade are used to identify location and size of a single crack in a blade.
Data Generation.
The vibration data can be generated from numerical analysis of the whole mine fan in this procedure. A series of numerical simulations have been carried out to obtain the data sets of natural frequency, which can be used to identify various damage states in the fan blades. For each run of the simulation, different locations and sizes of a single crack are considered.
Structural Modelling.
To investigate the influence of cracks on the dynamic behavior in fan blades, dynamic analysis is concerned in terms of modelling the cracked blades, researching the vibration characteristics, establishing the effective fault features for condition monitoring of the rotor system, and detecting cracks state in an early stage. Several crack modelling approaches are analyzed including the stress energy release rate (SERR) method and the finite element method (FEM). In this paper, a 3D model of the axialflow fan AGF606-2.82-1.58-2 has been designed in ANSYS Workbench using FEM method according to the dimensions of the fan at Datong coal mine (see Figure 1(a) ). To simplify the structure of the axial-flow fan, only several principal parts of the mine fan have been considered in the 3D model. A complete 3D model of the mine fan is shown in Figure 1(b) ; the fan model consists of 109,121 tetrahedral elements and 168,310 nodes.
The axial-flow fan consists of the impeller, the collector, the diffuser, and the air duct (see Figures 1(c)-1(g) ). The two impellers are connected with bearing and shaft. The same way of connection is used between the impeller and the air duct.
The boundary conditions of the fan model are shown in Figure 2 . The impeller is rigidly connected to the main shaft of the rotor and zero displacement is assumed at the baseplate. The pressure distributions obtained from CFD simulations are used on the remaining surfaces.
Fluid Flow Modelling.
The CFD simulation of all flow channels of the fan rotor has been performed to obtain pressure distributions on the plate blade. The entire fluid passageway between the inlet from the collector side and the outlet from the diffuser side of the mine fan is considered as shown in Figure 3 . The extension of the inlet and outlet was added to avoid any effect it would have had on the flow near the blades. The CFD simulation is also performed in ANSYS Workbench which can readily achieve pressures of the remaining blade. The whole computational mesh consists of 329,799 tetrahedral elements and 63,509 nodes (Figure 3(a) ). The computations assume steady state incompressible uniform fluid flow in circumferential direction of the axialflow fan rotor. In order to make the simulation more reliable, the entire fluid passageway has been divided into two domains (see Figure 3 (b)): the static domain and the rotation air domain. In the static domain, the airflow moves only along the axial direction while the rotation air domain has a rotational velocity. Constant outlet boundary conditions are defined by an opening with an average relative pressure equal to atmospheric pressure.
Fluid-Structure Coupled Analysis.
The vibration characteristics of the axial-flow mine fan are examined by coupling fluid-structure models in order to obtain the natural frequencies of the intact and damaged blade with different crack conditions. It is assumed that a single rectilinear crack is located in one of the plate blades of the impeller. Each plate blade is made of structural steel of cross-sectional area 180 mm × 23 mm with a length of 621 mm. Figure 4 demonstrates the settings of crack in the blade. Cracks were initiated at eight different locations from blade root to blade tip (along the length of the blade) ranging from = 1/9 to = 8/9 ( is the crack location and is the blade length) in steps of 1/9 . For each location, three crack sizes, = 1/3ℎ, = 1/2ℎ, and = 2/3ℎ ( is the crack size and ℎ is the blade width), have been considered. Through the fluidstructure couple analysis, the first three natural frequencies of the blade can be readily achieved and the data will become more reliable compared with the modal analysis without CFD simulation.
Fault Database.
The first three natural frequencies of the cracked fan blade obtained from the simulations in ANSYS Workbench are a function of crack location and crack size. In order to detect the crack state, Matlab is applied to build the fault database. Specifically, -axis represents the crack location, -axis represents the crack size, and -axis represents the natural frequency of the blade. Through using the cubic interpolation to curve fitting at each point, a threedimensional plot of the first three natural frequencies of plate blade can be readily achieved.
Dynamics Analysis.
Defects existing in a structure cause a change in its stiffness, and consequently this could also affect its dynamic characteristic. In order to find out the dynamic characteristic, modal analysis should be carried out for the structure.
Basic Equation.
Modal analysis can determine the vibration characteristics (natural frequencies and mode shapes) of the blade structure. Plate blade belongs to the cantilever; the chief form of its distortion is the bending deformation while the blade vibrating direction is perpendicular to the axis direction. An infinitesimal segment which was intercepted from the blade length has been analyzed according to the motion equation and the basic theories of the mechanics of materials. And the blade bending free vibration equation is as follows:
where ( , ) is the lateral displacement of the blade, where represents the location of the section and represents the time, is the density of the blade, is the cross-sectional area of the blade, and is the bending stiffness.
It is assumed that the solution of the vibration equation of the blade is ( , ) = ( ) ( ), ( ) = sin + cos , where and are constants determined by the initial conditions.
According to the cantilever boundary conditions
the th natural frequency ( ) of the blade can be obtained from equations as follows:
where is the characteristic root of the blade bending free vibration equation and 1 = 1.875, 2 = 4.694, 3 = 7.855.
Damage Blade Modal Analysis.
When there is a crack in the blade, the boundary conditions of the blade become very complex. It is difficult to work out exact solutions of natural frequency while regarding the blade as a continuous model.
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The ith unit In this paper, a discretization method has been proposed to work out the natural frequency of the blade. Specifically, the entire blade structure being regarded as a cantilever was discretized by a number of quality units as shown in Figure 5 . Each unit includes a massless beam segment and a centralized quality. Taking into account when there is a crack in the blade, the angle of rotation around the crack will change evidently. In order to study the influence of crack on the whole blade, each unit has four state variables which consists of = ( ) , where is the deflection, is the angle of rotation, is the bending moment, and is the shear force of the section of the centralized quality.
It is assumed that the crack exists in the th centralized quality. Firstly, stress analysis of the th massless beam segment has been performed as shown in Figure 6 .
It is supposed that ( ), ( ), and ( ) are the bending moment, angle of rotation, and deflection of the section, respectively, being mm away from the last centralized quality (( − 1)th) in the th massless beam segment.
According to the basic theories of the mechanics of materials, ( ), ( ), and ( ) are expressed as follows:
The equilibrium condition of the th massless beam segment can be written as follows:
And then the transfer matrix between the left side of the th centralized quality and the right side of the ( − 1)th centralized quality can be given by
which also can be abbreviated as
where represents the field transfer matrix. When the crack is located at the section of the th centralized quality (Figure 7) , the angle of rotation around is different, which can be written as
where is the additional flexibility [26] and is the bending moment of the crack section. The equilibrium condition of the th centralized quality can be written as follows:
where is the natural frequency of the blade. Thus the transfer matrix between the right side of and the left side of can be given by 
abbreviated as
where represents the point transfer matrix. Then the whole th unit transfer matrix can be calculated as follows:
And the transfer matrix of mathematical model (Figure 8 ) of the whole crack blade can be defined as 
According to the blade boundary conditions, where 0 = 0 = 0, = = 0, (14) can be readily simplified as
Because 0 , 0 could not be zero at the same time and because of the condition of the homogeneous linear equations having nonzero solutions, (15) can be calculated as
which can get the value of . Through the above analysis, it is obvious to find out that when a single crack exists in a blade structure, the natural frequency of the blade is bound to change. Consequently, the natural frequency can be regarded as a fault feature to detect the crack damage in fan blades. 
Results and Discussions

Results.
The first three natural frequencies of the theoretical value and the simulation value are shown in Table 1 .
There is a relative error between the simulation value and the theoretical value, and the main reason of this issue is the stress caused by high-speed rotation. Every infinitesimal quality segment in the blade suffered a centrifugal force which could prompt the blade back to the equilibrium position while the blade vibrates in the rotation or axial plane. The working of this kind of centrifugal force corresponds to that of the elastic restoring force of the blade, which leads to the natural frequency of each order of blade being higher than that while not working.
It is assumed that the natural frequency of each mode of the intact blade is represented by ( = 1, 2, 3) and the natural frequencies of all the damaged blade conditions are represented by . The simulation data were tabulated in the form of frequency ratio ( / ) versus the crack size for each crack location . Tables 2-4 show the variation of the frequency as a function of the crack size and crack location for plate blade. Figure 9 shows the plots curve-fitted from the simulation data of the variations of the first three frequency ratios as a function of crack location ratios ( / ) for three different crack size ratios ( /ℎ) considered for each set of boundary conditions. Figure 10 illustrates the variations of the first three natural frequencies as a function of crack size ratios ( /ℎ) for all of the crack location ratios ( / ) considered for each set of boundary conditions (eight locations were considered for each set of boundary conditions).
Changes in Natural Frequencies.
From the simulation results and plots, the following observations are made for all the cases considered:
(1) For all the cases considered, crack reduces the natural frequency of the blade. (2) The fundamental natural frequency is generally affected the least while the third natural frequency of blade changes rapidly for all the cases. (3) For each mode, as the crack size increases, the natural frequency of blade decreases distinctly while the crack location is identical. (4) For each mode, the natural frequency of blade decreases significantly as the crack location moves towards the blade root while the crack size is identical. (5) For a few of the cases considered, such as when the crack size ratio /ℎ is 1/3 or the crack location ratio / is 8/9, the frequencies remain nearly unchanged (see Figures 9 and 10 ) until a certain value of crack size ratio or crack location ratio is attained, after which the frequencies decrease rapidly.
From the above observations, it could be stated that the existence of crack will reduce the natural frequency of the whole blade structure. The natural frequencies changed monotonically for being a function of either the crack sizes or the crack locations. The natural frequency is a function of not only crack size or crack location, but also the mode number. In general, the higher the number of modes being used, the better the accuracy and dependability of predicted results will be. Table 3 : Second natural frequency ratio ( / 2 ) as a function of crack location and crack size for the blade.
/ℎ / = 1/9 / = 2/9 / = 3/9 / = 4/9 / = 5/9 / = 6/9 / = 7/9 / = 8/ 9 1 Table 4 : Third natural frequency ratio ( / 3 ) as a function of crack location and crack size for the blade. 
Crack Identification Technique Using Changes in Natural
Frequencies. Based on the simulated frequency changes, a method of identifying a crack location and crack size is presented in this section. As stated earlier, both the crack location and the crack size influence the change in the natural frequencies of a cracked blade. It can be clearly concluded from the three-dimensional plots of the first three natural frequencies ( ) of plate blade ( Figure 11 ) that a particular frequency could correspond to different crack locations and crack sizes; that is, the natural frequency is a function of crack size and crack location.
To identify the state of the crack in plate blade, an essential step should be taken to achieve a sufficient number of natural frequencies of the blade and then build the fault database. The number of cracks determines the order of natural frequency required for diagnosis. For a single crack, the first three natural frequencies are sufficient to diagnose the location and size. For a blade with a single crack, the diagnostic process is as follows:
(1) Measuring the first three natural frequencies of the plate blade (2) Using a horizontal plane at each one of the three natural frequencies to cut the fault database and then plotting the contour of the frequencies under different modalities in the same axis system (3) Through positioning the intersection of the different contours of the natural frequencies, readily determining the location and size of the crack.
Because any crack frequency can be represented by a governing equation which is dependent on crack size , crack location , and mode number, the intersection becomes unique. Therefore a minimum of three curves is required to identify the two unknown parameters of crack location and crack size.
Diagnostic procedure, for example, is as follows.
From Tables 2-4 , it is observed that, for a crack size ratio ( /ℎ) of 1/3 located at a distance of 4/9 away from the blade root, the frequencies are 46.709 Hz for the first mode, 241.71 Hz for the second mode, and 292.81 Hz for the third mode. Using a horizontal plane to cut the fault database at each one of the three frequencies, the contour lines with the values of 46.709 Hz, 241.71 Hz, and 292.81 Hz were retrieved from the first three modes (see Figure 12 ) and plotted on the same axes as shown in Figure 13 . From the figure, it could be observed that the three contour lines gave just one common point of intersection, which indicates the crack location and the crack size.
If the crack location coincides with a vibration node, the contour line tends to disappear, and no intersections can be obtained. In such a case, higher natural frequencies may have to be obtained to predict the location and the size of the crack. The experimental verification of this fault diagnostic technique may be investigated in the future by the authors. 
Experimental Validation
To verify the feasibility of the theoretical method, natural frequencies of the blades were obtained through modal experiment. This chapter takes straight blade as the research object and the blade crack is a transverse opening crack. The blades are 500 mm long, 180 mm wide, and 1.5 mm thick and their density and modulus of elasticity are 7930 kg/m 2 and 190 Gpa, respectively. The experimental system mainly consists of a blade, a force hammer, acceleration sensors, a data acquisition and analysis system INV3020C, and the DASP software (see Figure 14) . The mode shapes obtained by DASP are shown in Figure 15 .
The first three order natural frequencies of the blades obtained by the modal test and theoretical results are shown in Table 5 ; it shows small errors between the theoretical computation results and the experimental results. It is proved that the theoretical calculation model is accurate and effective. According to the natural frequencies, the database of the blade fault samples is constructed (see Figure 16 ).
The validity of the method proposed in the last chapter is verified according to the database. The natural frequencies of the blade with a crack at = 125 mm and = 80 mm have three intersection curves with each order fault sample database. The three contours are plotted in the same coordinate system, as illustrated in Figure 17 . The coordinates of the points of intersection are the location and size of the crack. Therefore, the mathematical model presented in this paper can calculate the natural frequency of the cracked blade accurately, and the method proposed in this paper can determine the location and size of the crack accurately, so as to diagnose the crack failure effectively.
Conclusions
Theoretical analysis of the effects on natural frequency of a single crack in fan blade has been presented in this paper in detail. The vibration characteristics of blade are shown to International Journal of Rotating Machinery be very sensitive to the crack location, crack size, and mode number. An effective method of predicting location and size of the crack based on changes in natural frequencies of plate blade is also proposed and discussed. Numerical simulations for damage detection of a single crack blade using CFD and FEM method are investigated to evaluate the proposed method. The fault diagnosis technique presented in this paper proved to be effective and useful in the simulation condition.
As the frequency can be measured precisely using accelerator sensors, the proposed method provides a useful tool for damage detection and diagnosis of fan blade. Furthermore, the feasibility of this method is verified through experimental data.
